Blood-brain barrier (BBB) disruption constitutes a hallmark event during pathogen-mediated neurological disorders such as bacterial meningitis. As a prevalent opportunistic pathogen, 
| INTRODUCTION
Bacterial pathogens have been firmly linked to potentially fatal neurological disorders such as bacterial meningitis, sepsis, brain abscess formation, and multiple sclerosis (Join-Lambert et al., 2010; Iovino et al., 2013; Libbey et al., 2014; Patel & Clifford, 2014; van Sorge & Doran, 2012) . Disruption of the blood-brain barrier (BBB) frequently constitutes a hallmark event within the pathophysiology of these diseases, although the pathogen-driven signaling mechanisms underpinning this are only beginning to emerge. An earlier study by Schubert-Unkmeir et al. (2010) for example has demonstrated how Neisseria meningitidis, a causative agent in meningitis and septicemia, can cause paracellular barrier dysfunction of cultured human brain microvascular endothelial cells (HBMvECs) via induction of matrix metalloproteinase-8 (MMP-8), which in turn leads to cleavage of occludin, an interendothelial tight junction protein (Schubert-Unkmeir et al., 2010) . Roles for epidermal growth factor receptor (ErbB2, ErbB4) signaling, and for the N.meningitidis type-IV pili virulence factor (this latter factor likely leading to recruitment of tight junction components away from the interendothelial space to facilitate bacterial "docking" with the endothelial membrane), have also been proposed to mediate the endothelial permeabilizing actions of this bacterium (Coureuil et al., 2012; Slanina et al., 2014) .
Staphylococcus aureus (SA) is one of the most prevalent opportunistic bacterial pathogens responsible for community-and hospitalacquired infections, with one study indicating up to 36% mortality rate associated with SA-mediated sepsis and meningitis (Aguilar et al., 2010) . The SA surface is coated with a diverse range of proteins that work in conjunction with secreted virulence factors to enable the bacterium to adhere and to invade host cells, including vascular endothelial cells (Foster et al., 2014 ., Lemichez et al., 2010) . The ability of SA to survive within mammalian host cells, either in the phagosome or freely in the cytosol, has also received considerable attention (Fraunholz & Sinha, 2012) . To date however, our basic understanding of how SA specifically interacts with microvascular endothelial cells of the BBB to elicit barrier failure is still very limited, with just one † Both authors have contributed equally recent study demonstrating a role for membrane-anchored lipoteichoic acid (LTA) in mediating SA adhesion and cellular invasion into immortalized HBMvECs (Sheen et al., 2010) . To our knowledge, there are currently no published models within the literature addressing how SA infection specifically influences BBB phenotype.
To address this issue, the present study comprehensively examines the interaction of SA Newman wild type (WT) strain with primary non-transformed HBMvEC cultures in vitro. Both "formaldehyde-fixed" and "live" SA models are employed, providing important new data on how bacterial infection may impact BBB integrity at both the molecular and functional levels (tight junction expression, cytokine production, NF-κB activation, and paracellular permeability). Furthermore, we employ an antioxidant (N-acetylcycteine, NAC) to examine the contribution of bacterially mediated ROS induction to downstream signaling events leading to barrier disruption. Finally, as bacterial adhesion to host cells is a critical initial step in the infection process, we decided to examine the contribution to these events of the "microbial surface components recognizing adhesive matrix molecules" (MSCRAMM) adhesin protein family in SA, whose members include Staphylococcal protein A (SpA), clumping factor A (ClfA), and fibronectin binding protein A (FnbpA). In this paper, we employ an SA deletion mutant to specifically focus on SpA, a 42 kDa virulence factor located within the bacterial cell wall (Foster et al., 2014) . SpA is of pivotal importance in SA pathogenesis and is known to play a significant role in bacterial:host interactions (e.g., via binding to the TNFR1 receptor on host cells - Gómez et al., 2006) .
| RESULTS

| S. aureus adheres to HBMvECs and reduces barrier function
Initial results showed dose-dependent adherence of SYBR-labelled SA to HBMvECs up to multiplicity of infection (MOI) 300 (Figure 1a ). This dose range was subsequently adopted for all further experiments in this paper investigating the effects of SA infection on endothelial physiology. A bacterial adhesion assay was also employed to quantitate the adherence of both Fixed-SA and Live-SA to endothelial cells cultured under either static conditions or pre-sheared to 10 dynes/cm 2 as previously described (Colgan et al., 2007 
| S. aureus infection reduces expression of interendothelial junction proteins in HBMvECs
In view of the barrier disrupting effects of the bacterium, we next decided to investigate the impact of bacterial treatment on levels of interendothelial junction proteins known to regulate BBB paracellular permeability. Fixed-SA was found to decrease protein levels of VE-Cadherin, claudin-5, and ZO-1 in a dose-dependent manner, with maximal decreases in excess of 50% after 48 hr treatment (Figure 2b ). 
| S. aureus infection induces ROS generation:
Effects on permeability and cytokine release
In view of the apparent pro-inflammatory effects of SA treatment on HBMvECs, we decided to investigate the ability of SA to induce ROS production using dihydroethidium (DHE) staining in conjunction with flow cytometry. Fixed-SA was found to robustly enhance ROS levels in a dose-dependent and time-dependent manner, with maximal increases of up to 27-fold after 48 hr treatment at MOI 250 (Figure 5a,b) . Moreover, co-incubation of cells with NAC (5 mM), a 
| S. aureus infection induces ROS generation: Effects on junctional proteins and NF-κB
We next investigated if the SA-induced ROS production might be linked to reduction in interendothelial junction protein levels. As expected, Fixed-SA reduced levels of VE-Cadherin, claudin-5, and ZO-1 in HBMvECs in a dose-dependent manner, while co-incubation of cells with 5 mM NAC was found to attenuate these reductions by Figure S1 ).
| The contribution of protein A to the effects of S. aureus on HBMvECs is relatively small
Finally, the effect on selected HBMvEC properties of attenuating SA virulence was investigated using an SA mutant featuring genetic deletion of protein A (ΔSpA). Following bacterial preparation and The potent release of TM from HBMvECs in response to SA treatment, shown here for the first time, is also highly significant.
The Newman SA strain used in this study has a well-described profile of coagulase activity (Claes et al., 2014; McDevitt et al., 1992 (Rochfort & Cummins, 2015b) .
In view of our observations on SA-driven cytokine release and ROS generation, we next decided to investigate the ability of SA to induce activation of NF-κB signaling in HBMvECs. We observed that infection of HBMvECs with Fixed-SA could induce robust activation of both the canonical (p65) and non-canonical (p52) NF-κB pathways, events that could also be strongly curtailed by antioxidant co-treatment. It can be noted from the literature that NF-κB activation and nuclear translocation can occur in response to various proinflammatory stimuli including pathogens (Ghosh, May, & Kopp, 1998 
Having generated a detailed profile of how SA infection influences
HBMvEC barrier function and inflammatory status, we finally considered the virulence mechanism whereby SA may putatively contribute to these events. In this respect, we decided to specifically examine the contribution of the MSCRAMM adhesin protein family in SA, and in particular, SpA. SpA has previously been shown to mediate SA infectivity in various cell types such as airway epithelial cells (Gómez et al., 2006) , osteoblasts (Claro et al., 2011; Widaa et al., 2012) , and endothelial cells (Ahn et al., 2014 (Claes et al., 2014) , and excreted cytoplasmic proteins such as aldolase (Ebner et al., 2016) 
| Bacterial preparation
Bacterial strains, SA Newman WT NCTC 8178, and SA ΔSpA 
| Bacterial adhesion assay
A bacterial adhesion assay was employed to quantitate the adherence of SA to endothelial cells. A 100 μl endothelial cell suspension
(1 × 10 4 cells) was aliquoted in triplicate into a clear 96-well plate and cells allowed to adhere for 2-3 hr at 37°C. The plate was washed with PBS and blocked using 1% BSA for 1 hr. The SA culture was adjusted to an OD of 1.0, labelled with 1 × SYBR Green II, and a bacterial aliquot (0-100 μl, equivalent to MOI 0-1000) subsequently added to each well (note: tris-buffered saline/TBS added as a negative control). After 1 hr, the plate was initially scanned using a fluorescence plate reader set at 485/535 nm for excitation and emission, respectively, generating a total bacterial cell count (adhered and non-adhered bacteria). The plate was then washed thrice with TBS to remove the non-adhered SA, and again scanned as above, generating a fluorescent reading equivalent to adhered bacteria only.
Data were calculated as adhered bacteria per well for each condition and cell type.
| Cell culture
HBMvECs were cultured as previously described (Man et al., 2008) , global protein expression patterns (Nylund et al., 2010) , and responsiveness to bacterial infections (Londoño et al., 2011) , further reasons to specifically employ them for these studies. HBMvECs were routinely grown in EndoGRO MV Basal Medium (Catalog Number: SCME004) containing 5% fetal bovine serum, antibiotics, and supplements (note: antibiotics were excluded for all experimental incubations with bacteria). All cells (passages 5-13) were maintained in a humidified atmosphere of 5% CO 2 /95% air at 37°C. For experimental purposes, HBMvECs were treated with both fixed and live bacterial preparations -specifically, Newman WT SA and ΔSpA (Patel et al., 1987; Higgins et al., 2006) . ROS production, and NF-κB activation (described below). Preparation and assay of whole cell protein lysates has been described previously . All samples not used immediately were stored at −80°C until required. For the purpose of bacterial adhesion assays described above, HAECs and BAECs, cultured as previously described (Martin et al., 2014; Tobin et al., 2008) , were also examined in parallel with HBMvECs. It can also be noted that FIGURE 8 Summary of mechanisms that may tentatively underpin Staphylococcus aureus-mediated disruption of paracellular BBB integrity. It should be noted that some of these proposed mechanisms, although not practically demonstrated within the current study, are strongly inferred through other published studies (e.g., ability of bacterially induced cytokine release to trigger further ROS generation) bacterial adhesion was examined using both static and sheared endothelial cells (0 versus 10 dynes/cm 2 ), with steady non-pulsatile shear applied by orbital rotation as previously described by Colgan et al. (2007) .
| Western immunoblotting
Following experimental treatments, HBMvEC lysates were harvested and analyzed by Western immunoblotting as previously described . Primary antisera were prepared in TBST (tris-buffered saline +0.1% Tween-20) containing 1% BSA: 1/500
anti-VE-Cadherin, 1/1000 anti-claudin-5, 1/1000 anti-ZO-1, and 1/10,000 anti-β-actin mouse monoclonal IgGs; 1/1000 anti-NF-κB/p65 (phospho-Ser536 and total) and anti-NF-κB/p52 (total) rabbit monoclonal IgGs. Secondary antisera were prepared in TBST (+1% BSA): HRP-conjugated horse anti-mouse IgG for VE-Cadherin
(1/500), claudin-5 (1/3000), ZO-1 (1/1500), and β-actin (1/20,000);
and HRP-conjugated goat anti-rabbit IgG for NF-κB/p65 and NF-κB/ p52 (1/2000). Polyvinyl difluoride (PVDF) membranes were developed using a Luminata Forte Western HRP kit (Merck-Millipore) followed by chemiluminescent imaging using a G-Box gel-documentation system (Syngene, Cambridge, UK). Scanning densitometry of Western blots was routinely performed using NIH ImageJ online freeware, with β-actin employed as a loading control to facilitate densitometric normalization of bands.
| Transendothelial permeability assay
Analysis of HBMvEC permeability following treatment with either Fixed-SA (MOI 0-250, 48 hr) or Live-SA (MOI 0-100, 3 hr) was based on the transwell method of (Walsh et al., 2011) , with minor modifications described by . Briefly, 
| Statistical analysis
Results are expressed as mean ± standard deviation (sd) or standard error of the mean (SEM). Experimental points were typically performed in triplicate with a minimum of three independent experiments (n = 3).
Statistical comparisons between control and experimental groups were by ANOVA in conjunction with a Dunnett's post-hoc test for multiple comparisons. A value of *P ≤ 0.05 versus control was considered significant. A Student's t-test was also routinely employed for pairwise comparisons ( # P ≤ 0.05; δ P ≤ 0.05 versus control).
